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We observe interference in the light scattered from trapped 40Ca+ ion crystals. By varying the
intensity of the excitation laser, we study the influence of elastic and inelastic scattering on the
visibility of the fringe pattern and discriminate its effect from that of the ion temperature and
wave-packet localization. In this way we determine the complex degree of coherence and the mutual
coherence of light fields produced by individual atoms. We obtain interference fringes from crystals
consisting of two, three and four ions in a harmonic trap. Control of the trapping potential allows
for the adjustment of the interatomic distances and thus the formation of linear arrays of atoms
serving as a regular grating of microscopic scatterers.
PACS numbers: 37.10.Ty, 37.10.Vz, 42.50.Ct
The seminal double slit experiment by Young [1] is one
of the most prominent experiments in physics. Originally,
it formed the basis for understanding that light is a wave
giving rise to phenomena like interference and diffrac-
tion, whereas in its modern interpretation it displays in
a compact form the notion of wave-particle duality [2].
The original Young experiment employed transversally
coherent light using a small aperture placed in front of
the light source (in fact the sun [1]). This results in elec-
tromagnetic waves at the two slits oscillating in phase
and a visibility of the fringe pattern ∼ 100%. The use
of laser-driven atoms as “slits” enables the formation of
more complex light fields, ranging from fully coherent to
partially coherent and even fully incoherent fields. This
transition arises from the fundamental process of pho-
ton scattering by the atoms. In the quantum theory of
light [3–5] the scattering event involves the destruction
of an incoming photon and the creation of an outgoing
photon. For low intensities the elastic process dominates
such that the outgoing photon has the same frequency
and a fixed phase relationship with the incoming one
[6, 7]. Interferences in this regime have been observed
in a seminal experiment by Wineland and coworkers in-
volving two mercury atoms trapped in an ion trap and
only weakly excited by a near-resonant laser [8] (see also
[9–14]).
However, when increasing the intensity of the laser, the
atomic emitters undergo internal dynamics which may
alter the emitted photon frequency and phase. Such in-
elastic scattering processes lead to a reduced mutual co-
herence of the light fields, i.e., the emission of partially
coherent light, resulting in a decrease of the visibility
of the interference fringes. In the case of a very intense
driving laser, the atoms emit fully incoherent fluorescence
light [15]; in this case the visibility of the fringe pattern
disappears.
Aside from the internal dynamics, the driving laser af-
fects additionally the external degrees of freedom of the
ions as the laser is used likewise for laser cooling of the
particles. The ion temperature plays an important role
for the fringe visibility as it determines the localization
of the scatterers, i.e., of the “slits”. Since an increased
laser intensity alters both the ratio of elastic to inelastic
scattering as well as the localization of the atoms, the in-
fluence of inelastic scattering on the mutual coherence of
the scattered light has not been observed experimentally.
In this letter we study the visibility of Young interfer-
ence fringes produced by individual atoms employing a
gated detection method to clearly separate the effect of
inelastic scattering from that of reduced atom localiza-
tion. A theoretical model to explain the measured fringe
patterns is developed taking into account the multi-level
structure of the atoms and the presence of a repumping
laser. Experimentally, we investigate ion crystals with up
to four ions in a harmonic trap potential or in specially
shaped trapping fields that allow for the adjustment of
the interatomic distances. In this way we are able to
form linear arrays of ions serving as a regular grating of
atomic scatterers.
For the experiments we employ 40Ca+ ions trapped
in a segmented Paul trap [16]. With trap frequencies
ωr1,r2,z/(2pi)=(1.853, 2.620, 0.977) MHz the ions form
linear crystals which align along the weakest trap axis
ez. The electric dipole transition 4
2S1/2 → 42P1/2 of
40Ca+ near 397 nm is used for Doppler cooling and light
scattering. The 42P1/2 state decays with a probability
of 7% to the metastable 32D3/2 level [17], therefore we
use a laser near 866 nm for repumping to maintain con-
tinuous Doppler cooling (see Fig. 1a). The radial modes
ωr1,r2 are aligned along the e±x+y direction, respectively,
whereas the cooling and repumping laser illuminate the
ion crystals along the (x,y,z)=(±1,0,-1)/√2 direction, re-
spectively, so that the k-vectors of the laser beams have
a projection on all vibrational axes of the ion crystal (see
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FIG. 1: (a) Level scheme and relevant transitions of the 40Ca+
ion including the metastable 32D3/2 state. (b) Sketch of ex-
perimental setup: Ions are held in a segmented micro trap
(yellow), forming linear crystals along the z-axis, and are il-
luminated by laser light near 397 nm and 866 nm (for details
see text).
Fig. 1b).
A magnetic field of ∼ 0.24 mT oriented along ey, gen-
erated by a permanent magnet ring placed on top of the
vacuum chamber, determines the quantization axis. The
laser beam near 397 nm, having a waist of about 600 µm
at the ions’ positions, is linearly polarized along this axis
and thus excites the ∆m = 0 transitions (see Fig. 1a).
The light scattered by the ions is collected by a f/1.6 ob-
jective L1 (focal length 67 mm) at a working distance of
48.5 mm and focused at a distance of about 770 mm, af-
ter being sent through a polarization beam splitter (Pol.)
oriented along ey, i.e., the same axis as the cooling laser
(see Fig. 1b). An aperture (Ap.) (diameter ∼ 400 µm) is
placed at the back focal plane of the objective suppress-
ing unwanted stray light in combination with an infrared
filter (IF, center wavelenght λ = 394 ± 10 nm). The
scattered light is finally recorded by a CCD camera posi-
tioned ∼ 100 mm behind the back focal plane of the ob-
jective to observe the light in the far field, i.e., the Fourier
plane of the ions. We use either an electron multiplier
gain intensifier enhanced CCD camera (EMCCD, Andor
iXon 860) or alternatively an intensified CCD camera
(ICCD, Andor iStar 334T) with 128 × 128 pixels (pixel
size 24.5 µm) and 1024×1024 pixels (pixel size 13 µm), re-
spectively. A lens L2 (focal length f=25 mm), optionally
placed in the scattered light beam behind the aperture,
focuses the back focal plane onto the CCD allowing one
to image and observe the ions individually, e.g. to check
for the number of ions, to determine the magnification of
the optical system or to adjust the axial potential.
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FIG. 2: Images of the EMCCD camera (left) and interference
fringe patterns (right) for a) two b) three c) four ions in a har-
monic trap potential. In d) data is presented for a crystal with
four equidistant ions. The EMCCD images have been rotated,
distortion-corrected and the background has been subtracted
(for details see text). Note that the data of the EMCCD cam-
era include the internal avalanche gain and is integrated over
an exposure time of 60 s. The fringe patterns are obtained
from the corrected EMCCD images by integration over the
vertical axis. Errors on each data point correspond to photon
shot noise, dark noise and read-out noise. From a fit of the
experimental curves we obtain a visibility V of the fringe pat-
terns of 45.2(6)%, 22.7(6)%, 22(1)% and 15(1)% for the two-,
three-, four-ion crystal, and the equidistant four-ion array, re-
spectively, where the errors represent the root mean square
deviation of each fit.
The results of the interference measurements for two,
three and four ions are shown in Fig. 2. The inner parts
of the CCD images (68× 48 pixels) are rotated and cor-
rected for field distortions measured independently by
observing the distance of a two-ion crystal at different
positions within the field of view of the CCD. Remain-
ing stray light and background are subtracted from the
CCD images, determined by shutting off the repumping
laser. The fringe patterns at the right hand side of Fig. 2
are obtained from the CCD images by integration over
the vertical axis; the error bars of ∼ 5% are deduced
from photon shot noise. The fits to the interference pat-
terns are derived from the source distribution via Fourier
transformation, taking into account the resolution of the
imaging device. From the fit parameters we determine
the distance d between the ions, the width w of the point
spread function (PSF), and the visibility V of the in-
terference fringes. From Fig. 2a, we obtain a distance
d = 6.4 µm and a width of the PSF w = 3.6 µm for the
two-ion crystal. Note, that the calculated magnification
3of the optical system - derived from the image of the back
focal plane of L1 on the CCD by use of L2 - depends on
the exact x-position of L2 which can be positioned with
an accuracy of ∼ 2 mm. In view of this uncertainty we
see good agreement of the determined value d with the
independently deduced dtheo. = 5.8 µm, based on (i) a
spectroscopic determination of the COM-mode frequency
of the crystal and (ii) the calculation according to [18].
Key for the further studies is the gated cooling probe
detection (GCPD) of the scattered photons made possi-
ble by our intensifier enhanced CCD camera. The GCPD
scheme works as follows (see Fig. 3): The ion crys-
tals are initialized during 175 µs via Doppler cooling
under optimum conditions for the saturation s397 and
s866 of the cooling and repumping lasers at 397 nm and
866 nm, i.e., well below the respective saturation inten-
sities, and with a cooling and repumping laser detuning
of ∆397 = −10 MHz and ∆866 = +60 MHz, respectively.
We choose the laser detuning for the laser at 866 nm to
the blue side of the resonance in order to avoid complica-
tions from dark resonances. Thereafter the saturation of
the cooling laser s397 is switched to a different value using
an acousto-optical modulator. After a delay of 5 µs to
allow for proper switching of the laser, the CCD is gated
for 10 µs to observe the scattered light at 397 nm. As
the motional states of the ion crystals evolve over much
longer time scales (see Fig. 4), they are unable to adapt
to the modified cooling laser saturation within this de-
tection time. In this way the mutual coherence of the
scattered light fields is solely determined by the internal
degrees of freedom of the ions. We can thus investigate
the visibility of the interference pattern as a function of
the laser saturation without being affected by the ion
temperature.
In the paraxial approximation and for scalar fields, i.e.,
for identical polarization of excitation and detection, the
intensity produced by a two-ion crystal at the CCD is [19]
I(r, t) =I1(r, t) + I2(r, t)+
2
√
I1(r, t)
√
I2(r, t) Re {γ(r1, r2, τ)} ,
(1)
where I1(r, t) (I2(r, t)) is the intensity at r if ion 2 (ion
1) is absent, Re {.} denotes the real part and ϕ = k c τ =
k (|r − r1| − |r − r2|) is the relative phase accumulated
by the fields at r. In Eq. (1), γ(r1, r2, τ) = 〈E1(r1, t −
τ)E∗2 (r2, t)〉/
√〈|E1(r1)|2〉〈|E2(r2)|2〉 corresponds to the
complex degree of coherence which describes the mutual
coherence of the two light fields E1(r1, t) and E2(r2, t),
generated by ion 1 at r1 and ion 2 at r2, respectively.
We assume identical excitation strength and thus equal
intensities I1(r, t) = I2(r, t) ≡ I0 of the two ions. The vis-
ibility of the interference fringes is then equal to the mod-
ulus of the complex degree of coherence and the fringe
modulation determined by the phase ϕ.
In a three-level model and with the ions at fixed posi-
tions, the intensity distribution on the CCD is (see Sup-
plemental Material)
I(r) = 2 I0 (1 + |ρsp|2/ρpp cosϕ) , (2)
where ρsp denotes the single atom coherence between
states s = S1/2 and p = P1/2, and ρpp is the popula-
tion of the excited state decaying either to s or level d =
D3/2. According to Eq. (2) the visibility of the interfer-
ence pattern is given by
V = |γ| = |ρsp|2/ρpp . (3)
A reduction of V is thus predicted for growing ρpp and
reduced ρsp. If we model the ions as two-level atoms
(for which Eqs. (2) and (3) equally hold) this occurs for
increased laser saturation s397. However, the two-level
model does not take into account the modification of ρsp
and ρpp due to the additional decay channel to d. In this
case ρsp and ρpp, and thus Eq. (3), become more involved
functions of the laser parameters.
The measured V produced by two-ion crystals as a
function of s397 is shown in Fig. 3. A reduction of V, cor-
responding to the emission of partially coherent light, is
observed when increasing s397, which agrees well with the
two-level model. When the saturation of the repumping
laser is increased by a factor of ∼ 4 we observe, however,
an increased visibility. This behavior is well described by
the three-level model fit curves in Fig. 3 (see Supplemen-
tal Material).
The visibilities displayed in Fig. 3 are limited by a con-
stant prefactor of ∼ 0.3. Assuming this factor is only due
to the motional excitation of the ion crystal results in a
mean wavepacket size (r.m.s. of breathing and rocking
modes) of 96(5) nm [9]. This is, however, about a fac-
tor 2.3 larger than that expected for the Doppler cooling
limit, calculated for the given trap frequencies and unsat-
urated cooling; we measured a mean wavepacket size of
42(11) nm using sideband spectroscopy [20]. We suspect
therefore that the prefactor is also affected by misalign-
ment of the quantization axis.
The GCPD scheme can also be employed to investi-
gate the modification of the fringe visibility due to vibra-
tional excitations in the ion crystal. Again, we initialize
the crystal by Doppler cooling under optimum conditions
(s397 ∼ 0.25, s866 ∼ 0.16). The laser saturation s397 is
then rapidly increased by a factor of ∼ 5 while keeping
the detuning unchanged. Here the CCD is gated to ob-
serve the scattered photons in a time interval of 250 µs
while we shift the beginning of this time interval from
∆t = 0 ms to 2.5 ms (see inset of Fig. 4). As the crys-
tal is exposed to a higher saturation, the Doppler cool-
ing limit and the mean phonon number in the breathing
and rocking modes increases [8]. The visibility of the
fringe pattern is proportional to the Debye Waller fac-
tor exp{− 12 〈(keff · (u1 − u2))2〉}, where ui denotes the
fluctuation about the equilibrium positions of ion i=1,2,
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FIG. 3: Interference fringe visibility at the crossover of elas-
tic to inelastic scattering for a two-ion crystal as a func-
tion of laser saturation s397. The repumping laser saturation
corresponds to s866= 0.032 (red dots) and s866= 0.15 (blue
squares). As in Fig. 2 vertical error bars represent the root
mean square deviation of each fit. Note that the data has
been obtained after the setup was modified to allow for the
GCPD technique. Thus several experimental parameters are
not exactly equal to Fig. 2, including a possible misalignment
of the quantization axis. The conversion from the measured
laser powers into saturation involves the knowledge of the
laser waists ∅397 = 600(±300)µm, ∅866 = 300(±150)µm and
laser detunings ∆397 = −10 MHz, ∆866 = +60(±10) MHz.
All listed uncertainties lead to a systematic uncertainty of s397
of about 100%.
keff is the k-vector difference of the absorbed and emit-
ted photons and 〈 〉 denotes the average over the thermal
distributions [9].
In the experiment the decrease of the fringe visibility
as a function of ∆t is clearly visible (see Fig. 4), following
an exponential decay with a time constant τ = 0.7(4) ms.
The long time constant confirms our assumption that the
time evolution of internal and external degrees of free-
dom of the ions can be separated by use of the GCPD
approach. We have obtained similar data for the increase
of V when an initially higher crystal temperature is re-
duced by Doppler cooling.
Modern trap technology [21, 22], where the DC trap
potential is shaped by multiple control segments, allows
one to modify the trap potential along ez and thus the
inter-ion distances. This becomes particularly relevant
for crystals with ≥ 4 ions. If a crystal with four ions
is kept in a harmonic trap the equilibrium positions of
the ions are non-equidistant [18], e.g., for trap frequen-
cies ωr1,r2,z/(2pi)=(1.978, 2.180, 0.429) MHz the distance
between the innermost ions is 7.2 µm and between the
outer and the inner ions 7.6 µm, respectively. This results
in an interference fringe signal with two spatial frequen-
cies (see Fig. 2c). By adjusting the trap control electrode
voltages we are able to generate a non-harmonic potential
[23] such that a regular crystal with equal ion separation
of 9.1 µm is obtained (see Fig. 2d). The corresponding
fringe pattern matches the intensity distribution of a co-
herently illuminated 4-slit grating.
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FIG. 4: Dynamical change of the interference fringe visibil-
ity V when heating up the two-ion crystal (for details and
explanation of the inset see text).
In conclusion, we studied the mutual coherence of light
fields emitted by individual atoms at the crossover from
elastic to inelastic scattering. We implemented a detec-
tion scheme allowing to observe the degree of mutual co-
herence as a function of the saturation of the observed
S1/2 → P1/2 transition at fixed ion crystal temperatures.
The decrease of the visibility of the interference patterns
due to motional effects of the ions was investigated sepa-
rately. The method could pave the way towards temper-
ature measurements of ion crystals at low trap frequen-
cies where standard sideband methods, highly successful
in tightly confining potentials [20], become increasingly
hard. We also see applications when the trap potential is
adiabatically lowered [24], e.g., when ions are loaded into
optical potentials [25–27]. The experiment also provides
opportunities to investigate multi-ion entanglement [28–
33] or measurements of photon-photon correlations and
their back action on the ion crystals [34–36].
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6SUPPLEMENTAL MATERIAL: VISIBILITY OF THE INTERFERENCE PATTERN
Optical Bloch equations
The interaction of an atom with laser light can be described by the optical Bloch equations [37]. For a two-level
system with a ground state |s〉 and an excited state |p〉 and an exciting laser field with Rabi frequency Ω397 and
detuning ∆397, they read
˙˜ρps = −(Γps
2
− i∆397)ρ˜ps − i
2
Ω397(ρpp − ρss)
ρ˙pp = −Γpsρpp + iΩ397
2
(ρ˜sp − ρ˜ps)
ρ˜sp = ρ˜
∗
ps
ρss + ρpp = 1
(4)
where Γps is the decay rate of the s-p-transition and ρ˜ps = e
i∆397tρps.
In the three level system under investigation, there is an additional metastable state |d〉 and a laser field with Rabi
frequency Ω866 and detuning ∆866 driving the |d〉-|p〉-transition. For this configuration, one obtains the following
system of equations:
ρ˙ss = − i
2
Ω397 (ρ˜sp − ρ˜ps) + Γpsρpp
ρ˙dd = − i
2
Ω866 (ρ˜dp − ρ˜pd) + Γpdρpp
ρss + ρpp + ρdd = 1
˙˜ρsp = −i∆397ρ˜sp − 1
2
(Γps + Γpd)ρ˜sp − i
2
Ω866ρ˜sd +
i
2
Ω397(ρpp − ρss)
˙˜ρdp = −i∆866ρ˜dp − 1
2
(Γps + Γpd)ρ˜dp − i
2
Ω397ρ˜ds +
i
2
Ω866(ρpp − ρdd)
˙˜ρsd = −i(∆397 −∆866)ρ˜sd + i
2
Ω397ρ˜pd − i
2
Ω866ρ˜sp
ρ˜ij = ρ˜
∗
ji
(5)
where ρ˜sp = e
−iω397tρsp, ρ˜pd = e−iω866tρpd and ρ˜sd = e−i(ω397−ω866)tρsd.
Intensity and visibility in the far field
The far field intensity of the light emitted by two coherently driven atoms is given by [38]
I(~r, t) ∝
∑
i,j
〈S(i)+ (t)S(j)− (t)〉e−i(~Ri−~Rj)·(~kL−kL~n) (6)
where S
(i)
+ = |pi〉 〈si|, S(i)− = |si〉 〈pi| and ~Ri denote the raising and lowering operators and position of atom i, ~kL the
wave vector of the driving laser and ~n the direction of observation.
In the steady state, one obtains:
〈S(1)+ S(1)− 〉 = 〈S(2)+ S(2)− 〉 = ρpp
〈S(1)+ S(2)− 〉 = 〈S(1)− S(2)+ 〉 = 〈S(1)+ 〉〈S(2)− 〉 = |ρps|2
I(~r) ∝
(
2ρpp + |ρps|2
(
e−i(~R1−~R2)·(~kL−kL~n) + ei(~R1−~R2)·(~kL−kL~n)
))
∝ 2(ρpp + |ρps|2 cosφ)
(7)
with φ = (~R1 − ~R2)(~kL − kL~n). The visibility of the interference pattern is thus given by
V = |ρps|
2
ρpp
(8)
7The steady state density matrix elements are obtained by setting the time derivatives to zero and solving the resulting
linear system of equations. For the two level model, this yields
ρ˜ps =
iΩ397
2(
Γps
2 − i∆397)(1 + S)
ρpp =
S
2(1 + S)
(9)
where S is the saturation parameter
S =
Ω2397/2
∆2397 + Γ
2
ps/4
(10)
This results in a visibility
V = 1
1 + S
=
1 + 4∆2397/Γ
2
ps
1 + 4∆2397/Γ
2
ps + 2Ω
2
397/Γ
2
ps
(11)
In the three level model, the expression for the visibility reads
V = (Ω2866(Γ2pd(4Γ2ps(∆397 −∆866)2 + Ω4397)+
2ΓpdΓps(4Γ
2
ps(∆397 −∆866)2 + Ω2397(4∆397(−∆397 + ∆866) + Ω2866))+
Γ2ps(4Γ
2
ps(∆397 −∆866)2 + (4∆397(−∆397 + ∆866) + Ω2866)2)))/
((Γpd + Γps)(ΓpdΩ
2
397(4(∆397 −∆866)2((Γpd + Γps)2 + 4∆2866) + 8(∆397 −∆866)∆866Ω2397 + Ω4397)+
(4Γps((Γpd + Γps)
2 + 4∆2397)(∆397 −∆866)2 + 8(Γpd + Γps)(∆397 −∆866)2Ω2397+
(2Γpd + Γps)Ω
4
397)Ω
2
866 + (8Γps∆397(−∆397 + ∆866) + (Γpd + 2Γps)Ω2397)Ω4866 + ΓpsΩ6866))
(12)
In Figure 1, the visibility in the three level model is shown for two different sets of laser parameters and compared
to the visibility in the two level model. It can be seen that the additional decay channel towards the |d〉-state can
both increase and decrease the visibility, depending on the laser parameters.
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FIG. 5: The black curve shows the visibility in the two level model for a detuning of ∆397 = −10 MHz as a function of the Rabi
frequency Ω397. The visibility as a function of Ω397 in the three level system for two different Rabi frequencies of the repumping
laser is shown by the cyan curve (Ω866 = 60 Γpd, ∆866 = +60 MHz) and the magenta curve (Ω866 = 20 Γpd, ∆866 = +60 MHz).
